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A  STUDY  OF  THE  BURKING  RATE  OF  BICKFORD  FUSE 
UNDER  CONSTANT  PRESSURE,  TEMPERATURE ,,  AND  VOLUME  CONDITIONS 


Prepared  bys 


Robert  Jo  McHenry 
Kenneth  H«  Boley 


ABSTRACT:  Results  of.  three  studies  are  reported: 
(a)  the  effect  of  proosurc  on  burning  rate  of 
Ensign  Bickford  tine  fuse*  (b)  the  effect  of  tem¬ 
perature  on  burning  rate |  and  (c)  the  effect  of 
burning  in  a  closed  container  on  the  pressure  in 
the  container.,  and  the  resulting  change  of  burning 
rate.  Equations  which  permit  prediction  of  time 
fuse  behavior  under  various  conditions  of  temper¬ 
ature  and  pressure  are  presented. 
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A  STUDY  OF  TEE  BURNING  RATE  OF  BICKFORD  FUSE 
UNDER  CONSTANT  PRESSURE,  TEMPERATURE ,  AND  VOLUME  CONDITIONS 


INTRODUCTION 


Material  Tested 


1,  In  many  of  tiie  applications  of  Ensign  Bickford  time 
fuse,  the  fuse  is  confined  in  an  airtight  container.  Upon 
burning,  the  fuse  evolves  gases  and  heat  which  cause  a  pressure 
rise  inside  the  container.  This  pressure,  in  turn,  causes  an 


increase  in  the  burning  rate  of  the  fuse.  This  study  was  con¬ 
ducted  to  gather  data  on  the  interaction  of  pressure,  tempera¬ 
ture  and  burning  rate,  and  to  determine  the  possibility  of 
forecasting  the  results  to  be  expected  under  various  conditions 
of  fuse  confinement.  Three  types  of  time  fuse  were  used  In 
all  tests.  All  were  plastic  coated  Ensign  Bickford  fuse  made 
according  to  reference  (a),  except  for  color  cods.  The  types 
are  described  in  Table  1.  The  use  of  the  letters  A,  B,  and  C 
to  identify  each  typo  fu.se  in  the  rest  of  the  report  is  not  a 
standard  notation,  but  is  used  here  for  convenience „ 

Preliminary  Data 

2,  According  to  reference  (a),  the  burning  rate  of  Bick¬ 
ford  fuse  should  be  vrithin  1GB  of  the  nominal  when  burned 
under  ambient  conditions.  Ten  12ir  samples  of  Type  A  from  one 
lot  were  burned  under  ambient  conditions,  and  all  times  were 
within  1%  of  the  nominal  value  of  60  seconds.  Ten  12"  samples 
of  another  lot  burned  within  the  range  61,5  ±  1  esc.  The 
burning  times  of  some  12"  samples  of  Type  0  were  6.3,4  ±  1  sec.-, 
and  of  Type  B,  29.8  ±  1  sec.  Similar  tests  on  untreated  12" 
samples  of  several  lots  and  types  of  fuse  indicated  that  within 
a  given  lot  of  fuse,  the  burning  time  could  be  expected  to  be 
consistent  within  approximately  ±1  second  per  foot,  and  that  the 
burning  times  for  all  samples  fell  within  ±iG)i?  of  the  nominal 
value . 


EQUIPMENT  AND  .PROCEDURES 

Constant  Pressure 

3.  Low  Pressure.  For  fuse  burned  at  pressures  below  100 
psig,  a  pressure  vessel  with  a  glass  observation  port  was  used. 
The  length  of  fuse  was  laid  on  a  metal  plate  and  ignited  by 
means  of  a  fireworks  squib.  The  volume  of  the  vessel  was  appro: 
iraately  one  cubic  foot.  Air  was  let  in  until  the  Bourdon  gage 
showed  the  proper  pressure.  The  squib  lead  was  touched  tc/a° 
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45-volt  battery  end  a  Standard  Electric  tiner  ran  started 
manually .  The  timer  was  stopped  when  the  spurt  of  flame 
appeared  at  the  end  of  the  length  of  fuse ,  Originally  the 
pressure  was  allowed  to  build  up  inside  the  pot  and  an  average 
pressure  was  used  in  calculations.  In  later  tests,  the  pres¬ 
sure  was  released  as  it  built  up  and  thereby  kept  almost 
constant.  In  some  cases  the  temperature  inside  the  pot 
increased  to  a  point  which  was  believed  to  endanger  the 
strength  of  the  glass  port  (200°F).  In  order  to  prevent  this, 
the  intake  and  exhaust  valves  were  partially  opened  and 
adjusted  so  that  the  pressure  was  at  the  desired  level  and  in 
dymanic  equilibrium.  Mo  difference  in  the  burning  rate  was 
noted  among  the  three  methods . 


4.  Vacuum.  The  vacuum  work  was  carried  out  in  the  same 
vessel  and  in  the  same  manner,  'll ic  vacuum  was  obtained  with 
a  Duo-Seal  vacuum  pump .  The  pressure  was  kept  practically 
constant  by  opening  and  closing  the  valve  leading  bo  the  pump 
Mo  ballast  tank  was  necessary.  The  pressure  was  read  on  a 
Bourdon  gage.  The  atmospheric  pressure  was  read  periodically 
on  a  mercury  barometer. 


5.  High  Pressure.  The  higher  pressure  tests  were  performed 
in  a  vessel  with  no  observation  port.  The  volume  of  the  vessel 


was  about  one  cubic  foot.  The  pressure  was  released  as  it 
built  up.  In  place  of  visual  observation,  parts  (b),  (e)  and 
(g)  of  the  pressure  bomb  (Figure  14)  were  used  as  stated  in  the 
description  of  the  pressure  bomb  (paragraph  7) The  apparatus 
was  assembled  vertically,  ignition  end  up,  with  the  nesting  held 
in  proper  position  by  tape. 


C  ons t an t  Temp e rat ure 


6.  These  tests  were  performed  in  a  temperature  chamber  of 
dimensions  8 4  x  8’  x  15 * .  The  fuse  lengths  were  ignited  by 
fireworks  squibs  and  timed  by  a  manually  operated  Standard 
Electric  timer.  An  operator  was  within  the  chamber  connecting 
the  squib  and  length  of  fuse,  and  an  observer  was  outside 
passing  in  fuse  lengths  and  squibs  and  operating  the  timer. 
Fuse  lengths  which  were  held  at  the  test  temperature  for  pro¬ 
longed  periods  before  burning  are  referred  to  as  conditioned- 
fuse.  For  the  150CF  test,  the  fuse  was  exposed  to  the  160°P 
temperature  for  approximately  24  hours  before  burning.  For 
the  cold  tests,  the  fuse  was  exposed  to  the  -65 °F  temperature 
for  16  hours.  The  lengths  of  fuse  remaining  after  completion 
of  the  -65 °F  tests  were  exposed  to  an  hour  of  transitional 
temperatures  and  an  hour  at  ~20°P  before  burning  in  a  -20 CF 
atmosphere.  Those  remaining  were  exposed  to  a  half  hour  of 
transitional  temperatures  and  an  hour  at  C°F  before  burning 
in  a  0 "F  atmosphere.  To  determine  the  effects  of  burning 
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pressures  greater  than  .100  psu,  t?ie  results  became  erratic. 

This  inconsistency  might  icault  from  another  pressure  effect 
producing  a.  decrease  of  free  volume  between  the  grains  of 
black  p order  due  to  compression  of  the  fuse .  .inch  a  decrease 
in  free  volume  would  cause  a  slower  burning  rate,  according 
to  reference  (b) .  The  line  through  the  rest  of  the  points 
lias  the  eg  action  r  =-  .1 071-1/2  where  r  is  given  in  inches  per 
second.  No  regular  burning  time  vs  applied  pressure  curve, 
such  as  :ln  Figure  1,  i /as  drawn  for  fuse  Types  ;.3  and  C,  because 
the  shape  of  the  curve  is  the  same  and  the  log-log  curves  lend 
themselves  more  readily  to  interpolation,  extrapolation,  and 
equation  derivation.  The  curve  for  fuse  G  is  she'  n  in  Figure 
4.  No  measurements  were  made  on  fuse  0  with  gage  pressures 
above  100  psi.  Because  of  difficulties  encountered  in  trying 
to  maintain  constant  pressure  at  the  time  this  fuse  was  tested, 
some  of  the  higher  pressures  plotted  are  average  values.  With 
pressures  above  atmospheric,  the  equation  is  r  =-  .04P»58; 
below  atmospheric,  r  ~  .019-3? »&33. 


Con s t a n t  Te mp e r a t lire 


10.  The  effect  of  temperature  on  the  burning  time  of  fuse 
was  relatively  slight  in  the  range  tested  (Figure  5).  The 
points  plotted  at  ?'B°F  may  not  be  a  true  representation  of.  the 
normal  burning  time  of  the  touted  fuse  in  that  the  measurements 
were  made  at  a  later  date  and  are  subject  to  uncertainty  in 
the  sampling  employed  and  variations  in  atmospheric  pressure. 

The  results  of  the  test  on  conditioned  fuse  as  compared  with 
unconditioned  fuse  indicate  that  she  effect  of  the  fuse  tempera¬ 
ture  on  burning  rate  is  slight  enough  that  the  temperature 
change  experienced  by  unconditioned  fuse  upon  passing  into  the 
chamber  is  negligible.  An  examination  of  the  unconditioned  fuse 
data  indicates  a  very  slight  increase  in  .the  burning  rate  as  the 
surrounding  temperature  increases.  Although  it  is  not  definitely 
known  what  temperatures  ere  reached  within  a.  sealed  container, 

It  is  assumed  in  the  Constant  Volume  section  of  this  report  that 
no  significant  change  in  burning  uime  is  caused  by  the  tempera¬ 
ture  increase  except  insofar  as  it  affects  pressure. 


Constant  Volume 


11.  Pressure  Build  Up: 
container  so  ft  length  of  Pl¬ 
each  type  of  fuse  in  a  gihe 


The  pressure  developed  in  a  sealed 
in  ;c  burns  :1s  shown  in  Fin  are  6  for 


volume  and  hi  Fissure 


i  woe 


Type  A  in  various  volume •?. .  In  Figures  8  and  9.  the  same  data 
are  represented  with  the  ra.-ural  logarithm  of  tie  ibsolutn 
pressure  plotted  as  a  function  of  the  tir.ira  The  straight  lines 
obtained  on  these  graphs  indicate  that 


t  -  V  ( I  n  }.  )  f  0 


i. l:\VO  L  .deport 


.■;y;  0 

'  *  «y 


iviitr  h  =  C.,  r  -  U  „y  pal  e-id  c  *■ 
equation  (3),,  we  .obtain 


Insox  ting  this  int 


K  -:U  !-n- 


F) 


.C  o  UU  ^IV 


taking  antilogs  of  we  obtain 


1  r\  t"  O  C  1* 


J:  O 


K  is  a  const  far  any  rticvlar  type  fuse 


ui-G.i  ;vrne:l  :i.r.. 


given  -'ol ’a:nos  built  has  PUT event  values  for  different 
volumes  (fig. ire  f)„  V.t\  Table  3,  trio  values  of  K  found  from 
each  pmessur  e-tine  curve  ore  tabulated  along  with  other  value 


which  are  to  be  treated  below*  Those  valves  of  C  are  plotted 


as  0.  function  of  volume  la  Figure  10  and  c.u  r.  i  u.icuion  of  the 
volume  to  ;ho  two-thirdc  power  in  Figure  11*  Tiu  straight 
lines  dram  in  Figure  11  represent  the  equation 


i-w2/3 


(f 


where  If  La  -n  constant  characteristic  of  each  type  fuse  *  The 
values  of  arc  as  fellows ?  Type  .1..  0 0.8? 0 2  Typo  13*  0„355.? 
T;.’po  C ..  0,pl * 


:uh 


information.,  we  should  1 


due  of  hoya clones  viicii  imf 
able  to  predict  the  following  for  an y  length  01  fuse  being 
burned  in  a  sealed  container  of  known  volumes 


{/hat  pressure  rill  be  developed  at  any  time  during 


mr.mnr „ 


ergbh  of  .if  u.o  hai  burned , 


l> .  Viuit  pressure  :  :U.l  bo  developed  site:.*  any  give? 


^  h.-v 


0,  How  long  any  gi  v 

on  fuse  length  ;i;l 

..'.1  ;  iu cm 

Semple  calculations  using  '1. 

e  cqua  i  0  n  c  d  <3  va  1 

op  :r  above? 

***•  f*.  j. 

(2 

Xf  --  ihi n 

P)  -  2,583k 

O  i^T-O 
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cL 
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Twelve  inches  of  Type  A  fuse 

are  to  be  burned 

in  a  sealed  5 on 

taine-r  which  i  -as  a  volume  of 
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within  the  container  after  30  seconds?  What  will  he  tfc 
pressure  reached?  How  long  will  the  fuse  burn? 

Using  equation  (6)  a  K  -  k lY'^9  where  k?  «  0.870  and  V 


K 

3 

0.870 

- 

61,0 

Substituting 

this 

value 

of  If. 

we  obtc 

■  in 

30 

s= 

61.0  , 

In  P 

= 

30 

In  P 

3 

3.18 

taking 

anti -4 

Log., 

P 

= 

25  ps: 

Again* 

using 

equa 

tion 

(4 

'}  3  f  : 

d iff even  t 1 a t ing } 

dt 

= 

!i  dp 
r 

~6T.o“ 


from  equation  (2)  ?  we  find  r9  burning  rate.,  equals  j^r 


or 


r  =  l:Pn  =  §k 
du 

ciL 

Ql/  =  — 

1:P11 


equating  (a)  and  (b) 


dL  i: 
kPn  ~  V 


or 


dL  Pn  ,r, 
IcK  “  p  *  01 


dL  e  pn-lclP 
IcK 

Substituting  values  of  constants  into  (c).,  we  obtain 
dL  „-l/2dp 


o.^Rnrsm?  ~ p 


7 


aomjasar  sr; -'XT-  &3C2-: r\  ■vr*’?  *-  ’v  •*..  :  & 


maximum 

587 


(a) 


(t) 


integrating* 


1  Jl  r 

J.  *  0  i 


lAVO  u.  ,;oi  01 t  72?9 

,1£  dJ 

J  ! 
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(j.. 


pl/i 


'■-/TP-V'^UU 


we  find.. 


o/pl/2 

r*'rffiax 


-  .7l/2, 


•l;’rna: 


-  ^  )  -  tuK 

(-1,79:5  +  3  ..335} 2 


.12 


x  61  „0 


3-1  ,,7  JCj.3. 


17 ,0  oEig,  mox..  pressure  attained 


and  n  1/2 


.L  := 


dL 

dt 


rearranging. 


12 


>  r  - 

t  2.63SK 

:  0  K 

1/2  = 

t  -t  2.6&-K 
:  0  Ilk 

value 

Into  equation 

fo") 

\  w 

with  I1 

dL 

:  dt  ~ 

:  0.0578  P1/2> 

:  0c05 

t  +  2.688K 
78  0*  2K 

2  „6£ 

58k 

■  X  Vj-; 

Ci,j  _  i  > 

“  2K  v  ‘ 

“ 

dt 

•* 

t 

+ 

2 ,638® 

-ar**^x  mm 

integrating,  j  oT{"7~3T';FaBT  dL 

p.  t.-l\  ^  WoW^'Vw 

V 


f 

*/ 

0 


211 


dt 
■■y ~ 


12 


2  x  6i  ;c  x  0,0370 


t  i  2.688  ic  61.0 


K  -  61 cO 

f  ••!•  2.688  x  61.0 

-  , — irsrsrrcr 


'!  '4  Ill' 
£•-  > 


e  2  x  01,0 


taking  logs ; 


t  -r  2  o  688  x  61,0  , 

2  'TT..  ;o  ~  ~  ~,-i- 


e~°  +  rF75o~ miw 

i/Lit. 


12 

T'rbTJTTT, 


t  «  122  In  (3.835  1  1.795)  ~  2.683  61,0 

=•■•  76  08  seconds. 


o 

o 


^«9tes..*w 
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and  tlie  fact  that  k  changes  for  type  A  fune  burned  in  a  small 
volume  from  0.0548  to  0,0668  for  pressures  from  37.2  psia  to 
514.7  psia.  (n  changes  from  1/2  to  2/5),  we  shall  find  the 
maximum  pressure  produced.  Above.,  we  found  that  5.1  inches 
had  burned  at  37 »2  psia;  so.,  to  find  Pmax  vie  must  have  two 
integrals  with  limits  of  0  to  5-1  in.  with  k  =  0.0548,  n  ~  1/2 
and  limits  of  5.X  to  12  inches  with  k  -  0..0568,  1  -  2/5. 

K  -  20 .7 


37  9 


V5-1 


“.max  i  3 1  ° c-  -j  /o  i  ,, 

14.7  14.7  37-2 

12.0  5.1 


dp 


l  ffl  r-:  f  0 7Wa1x”2<T..T  f  3  0.0663  x  20.7 


dL 


12.0 


dL 


setting  these  two  relationships  equal  to  each  other. 


••'max  -oM 
J  p  J/-'dP 

OtT  O 
31  .2 


|rP2/5j  f  „  4 


37.2 


O  /ir 

p  *  6  _  £j 

"max  5' 


5.1 

,  12.0  -  5.1 

0705-78  x  20.7 

(57  06  60  367777 

4.5  +  4.Q4  - 

SfpV'Sj  37-2 

14.7 

2(6.1  -  3.83) 

+  5.  x  T7  2'-75 

1  p  -k  j  k  * 

|  x  4.246) 

f  ?-V2dp 
l4.’ 


w  /O 


P  a  6„2]P-/,: 
max 

=96.3  psia 

-  81 o 6  psig 

An  alternate  method  for  calculating  Pn~v  is  the  use  of 

t  +  2.688K  j'w 

equation  ( 5 ) ,  P  =  e  K  „  which  dees  not  contain  k  or  n. 
By  substituting  the  values  for  total  burning  tine  t  -  38.(5 
and  K  ~  20.7?  we  find  Pmsx  as  follows; 


11 


- —  - 
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t  4-  R.  68817 
^  ic  . 

3o„6  •;■  2,688  x  20 .7 


20 .7 


.H  tV, 

v  »  ojO 


=  94,632  psic  -  79,932  poig 

whicli  compares  f avoidably  with  the  value  for  jr^-  found  above, 

13 0  In  Table  3?  experimental  and  calculated  values  of 
various  quantities  are  tabulated  for  every  successful  run « 
Figure  12  is  a  graph  of  measured  burning  time  versus  volume , 
Figure  13  is  a  graph  of  experimental  maximum  pressure  versus 
volume , 


RECOKMlATIuflS  FOR  FURTHER  STUDY 

14 0  There  are  many  questions  about  burning  Bickford  fuse  in 
a  constant  volume  which  have  not  been  touched  by  this  report < 
Some  of  these  are? 


;U  That  is  the  temperature  time  curve  for  constant  volume 
burning? 

2„  What  is  the  change  in  the  burning  rate  at  the  various 
temperatures  reached  if  Rose  temperatures  are  significantly 
higher  than  those  covered  in  this  report? 

3,  What  quantities  of  gas  ore-  evolved  when  fuse  is  burred 
at  various  pressures  and  temperatures,,  and  how  do  these  gases 
react;  to  temperature  changes? 

There  are  other  questions  which*  within  certain  limits,  have 
been  covered  by  this  report,,  but  whose  limits  may  have  to  oe 
extended «  The  constant  temperature  study  has  already  beer; 
mentioned  as  a.  possibility r  A  need  for  work  in  smaller  velum' 
would  also  necessitate  higher  pressure.,  constant  pressure 
studies.  The  bon b  shown  in  Figure  14  can  easily  lie  adjusted  U 
smaller  volume  by  placing  a  piece  in  each  of  the  end  parts,  T>. 
bomb  was  designed  to  withstand  at  least  3 000  psi. 
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FIG.  I  BURNING  TIME  FOR  A  12  INCH  LENGTH  OF  TYPE  A  FUSE  (60  SEC.,  30  GRAIN) 

vs  APPUED  ABSOLUTE  PRESSURE 
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TABLE  I 

DESCRIPTION  OF  FUSE  TYPES 


TYPE 

NOMINAL 
BURNING  RATE 

NOMINAL 

GRAINVFT 

COLOR  CODE 

A 

60  SEC/FT 

30 

GREEN 

B 

30  SEC /FT 

30 

REO 

C 

60  SEC/FT 

40 

WHITE 

TABLE  H 


RANGE,  PSIA 

LOGlo 

PSIA 

n 

K  fWHEN  r  IS \ 
'IN  INCH/SEC' 

4.95  TO  14.7 

0.695  TO 

1.167 

3/5 

0.0392 

14.7  TO  37.2 

1.  167  TO 

1.57 

1/2 

0.0548 

37.2  TO  514.7 

1.57  TO 

2.712 

2/5 

0.0668 

TABLE  TR 

EXPERIMENTAL  AND  CALCULATED  DATA  *No  p  data 


VOLUME,  CC 

MEASUREO 

CALCULATED 

k=_sUS1T 

X  =  k'V2/s 

Pmax  PSIG 

rMAX  PSIG 

TIME,  SEC. 

TIME,  SEC. 

(FIB.  II) 

MEASURED 

CALCULATED 

Z 

1085 

52.45 

52.80 

89.80 

9  1.90 

12.5 

10.6 

tr 

U1  - 

509 

50.37 

46.80 

63.30 

6  1.00 

1  8.0 

17.0 

587 

49.44 

46.80 

59.50 

6  1.00 

19.0 

17.0 

391 

47.40 

44.20 

47.20 

46.50 

25.0 

23.5 

u.  « 

>-  LI 
h-  to 

294 

46.07 

48.75 

38.60 

38.50 

31.5 

37.7 

294 

45.50 

48.75 

38.60 

38.50 

33.5 

37.7 

o 

<0 

1  16 

3  7.50 

38.60 

17.66 

20.70 

92.0 

81.6 

8| 

1085 

25.  31 

24.70 

38.00 

37.50 

14.5 

13.7 

DD  <3 

589 

24,85 

23.08 

25.20 

24.90 

22.0 

22.3 

391 

22.42 

21.64 

18.80 

1  8.90 

32.0 

31.6 

294 

21.61 

20.68 

1  5.90 

15.70 

41.0 

40.3 

k  y 
(/> 

1  '6 

17.20 

1  6.97 

8.55 

8.44 

98.0 

94.9 

1085 

50.09 

46.40 

52.00 

54.50 

23.0 

19  5 

z 

1085 

45.80 

46.40 

52.00 

54.50 

20.5 

1  9  5 

< 

ir 

685 

45.73 

44.20 

* 

40.00 

* 

28  6 

CD 

685 

44.% 

44.20 

* 

40.00 

X 

28.6 

O 

589 

44.00 

42  60 

37.80 

37.00 

32.5 

31.5 

Q.  • 

587 

45.21 

42.60 

40.00 

37.00 

29.5 

31.5 

£ 

H  UJ 

<n 

400 

43.42 

39.20 

* 

28.20 

X 

44.3 

391 

40,73 

39.10 

27.00 

27.50 

46.0 

46.3 

o 

294 

38.30 

36.20 

22.80 

23.00 

59.5 

56.3 

(0 

294 

39.00 

36.20 

22.80 

2  3.00 

59.0 

56.3 

1 1  6 

28.20 

25.90 

10.93 

1  2.10 

144.0 

II  0.0 

TABLE  TZ 


PART 

VOLUME 

PRESSURE  LINE  TO  E -A  GAGE 

1-1  ICC 

ENTIRE  BOMB  WITH  NESTING 

+ 10745c 

EACH  3/4  BAR 

—  1 0  OCQ 

EACH  ROW  OF  PIECES  (d) 

-98CC 

TWO  6  INCH  CYLINDERS 

-969 CC 

i 


